Abstract. Ovarian cancer is a leading gynecological malignancy associated with high mortality. The development of acquired drug resistance is the primary cause of chemotherapy failure in the treatment of ovarian cancer. To examine the mechanism underlying paclitaxel resistance in ovarian cancer and attempt to reverse it, the present study induced a TAX-resistant ovarian cancer cell line, SKOV3/TAX. Cathepsin L (CTSL) has been found to be overexpressed in ovarian cancer. The aim of the present study was to investigate the possible involvement of CTSL in the development of TAX resistance in ovarian cancer. CTSL expression was knocked down in SKOV3 ovarian cancer cells and their phenotypic changes were analyzed. The effects of silenced CTSL on the resistant cell line were investigated by proliferation and apoptosis analysis compared with control SKOV3 cells. CTSL was more highly expressed in SKOV3/TAX cells compared with SKOV3 cells. Paclitaxel treatment downregulated the expression of CTSL in SKOV-3 but not in the paclitaxel-resistant SKOV3/TAX cells. CTSL small hairpin RNA (shRNA) knockdown significantly potentiated apoptosis induced by paclitaxel compared with SKOV3/TAX cells transfected with control shRNA, suggesting that CTSL contributes to paclitaxel resistance in ovarian cancer cells and that CTSL silencing can enhance paclitaxel-mediated cell apoptosis. Thus, CTSL should be explored as a candidate of therapeutic target for modulating paclitaxel sensitivity in ovarian cancer.
Introduction
Ovarian cancer is the leading cause of gynecologic cancer-related mortality worldwide, as the majority of patients present with advanced disease at diagnosis (1) . The standard treatment for ovarian cancer is surgical cytoreduction and systemic chemotherapy, typically paclitaxel and platinum (2) . Although improvement in median survival has been observed in recent decades, the majority of patients eventually succumb to recurrent, progressive disease due to resistance to chemotherapy (3) . A combination of paclitaxel and carboplatin has widely been used as the first-line chemotherapy for patients with ovarian cancer. Paclitaxel acts specifically during the G2-M phase of the cell cycle by inducing abnormal spindles and disruption of microtubule dynamics, thereby blocking cell cycle progression. Despite its initial effectiveness as a cancer therapeutic agent, in the majority cases patients eventually become insensitive to paclitaxel-based chemotherapy and relapse (4) . With the increasing emergence of paclitaxel resistance, the identification of suitable biomarkers for predicting chemosensitivity to paclitaxel may be key for improving the therapeutic outcome of patients with ovarian cancer.
Cathepsin L (CTSL), a lysosomal endopeptidase expressed in most eukaryotic cells, is a member of the papain-like family of cysteine proteinases (5). CTSL has a major role in antigen processing, tumor invasion and metastasis, bone resorption, and turnover of intracellular and secreted proteins involved in growth regulation (6) . Increased CTSL levels have been identified in multiple tumor types and associated with short survival of several types of cancer. In addition to its well-established roles in development, growth and carcinogenesis, CTSL has been implicated in drug resistance (7) (8) (9) . In a recent study, CTSL was overexpressed in ovarian cancer (10); however, no research regarding the association between CTSL with paclitaxel resistance in ovarian cancer has been performed thus far. In the present study, we hypothesized that high CTSL would be associated with intrinsic clinical drug resistance, manifesting as decreased time to disease progression/recurrence in patients with ovarian cancer. 
Materials and methods

Cell
Results
CTSL expression in SKOV3 and SKOV3/TAX cell lines.
The results demonstrated that CTSL is highly expressed in SKOV3/TAX cells compared with SKOV3 cells (Fig. 1A) . Considering this, SKOV3 and SKOV3/TAX cells were used to analyze the effect of paclitaxel treatment on the expression of CTSL. Cells were treated with paclitaxel (100 nM), and harvested at 24, 48 and 72 h. Notably, immunoblotting demonstrated CTSL expression to be decreased at 48 and 72 h in SKOV-3 cells. However, CTSL expression remained relatively constant at high levels in SKOV3/TAX cells upon paclitaxel treatment (Fig. 1B) . Thus, paclitaxel treatment downregulates the expression of CTSL in SKOV-3 cells but not in paclitaxel-resistant SKOV3/TAX cells, suggesting a role of CTSL in mediating paclitaxel resistance in ovarian cancer cells.
CTSL may affect the proliferation ability of ovarian cancer in vitro.
To investigate the effect of CTSL on the proliferation ability of ovarian cancer cells, stable SKOV3 and SKOV3/TAX cell lines with downregulation of CTSL by shRNA were established (SKOV3-CTSL-shRNA and SKOV3/TAX-CTSL-shRNA, respectively). As indicated in Fig. 2A and B , the expression level of CTSL was markedly decreased in SKOV3-CTSL-shRNA and SKOV3/TAX-CTSL-shRNA cells compared with control cells (SKOV3-Con-shRNA and SKOV3/TAX-Con-shRNA, respectively). Next, the impact of CTSL silencing on cell proliferation was investigated. The results of the MTT assay demonstrated that knocking down CTSL in SKOV3 and SKOV3/TAX cells decreased cell proliferation (Fig. 3) , suggesting that overexpression of CTSL may be involved in the development of ovarian cancer. that CTSL contributes to paclitaxel resistance in ovarian cancer cells and that CTSL silencing may enhance paclitaxel-mediated cell apoptosis. Depletion of CTSL in the SKOV-3 cells has no additive effect to paclitaxel treatment (Fig. 4A) . This is likely due to the fact that paclitaxel functions through downregulating CTSL expression in SKOV-3 cells, as revealed by the western blot analysis.
CTSL silencing promotes apoptosis induced by paclitaxel treatment in the resistant
Discussion
The majority of women with epithelial ovarian cancer present with advanced disease (stages III or IV) at the time of diagnosis. Current standard treatment of ovarian cancer, in both early and advanced stages, consists of complete cytoreductive surgery followed by chemotherapy, typically based on platinum and paclitaxel (11) . However, the development of chemoresistance presents a major impediment for successful treatment. Of those patients with ovarian cancer, >70% experience clinical remission after initial treatment, however, 60-75% of patients eventually relapse within 2 years of treatment (12) . As paclitaxel is by far the most widely used microtubule-stabilizing agent in clinical treatment, the present study focused on for further characterizing paclitaxel-resistant cell lines.
The first observed function of CTSL in cancer progression was its ability to promote cancer metastasis (13) . An early experimental study revealed that the metastatic capability of kidney and testicular tumor cells was correlated with CTSL activity (14) . Furthermore, the finding that CTSL contributes to anti-apoptosis is also a well-accepted observation experimentally. Upon lysosomal membrane damage, CTSL is released into the cytosol where it cleaves BH3-interacting domain death agonist, disrupting the mitochondrial membrane and inducing apoptosis (15) . CTSL is anti-apoptotic regardless of whether the induction of apoptosis triggers the intrinsic or extrinsic pathway, or even an indirect pathway via autophagy, upon treatment with arsenic trioxide (16) . By contrast, other authors have highlighted the role of CTSL in conferring resistance towards chemotherapeutics and thus mediating an anti-apoptotic effect (17, 18) . However, to date, little is known regarding the involvement of CTSL in drug-resistant ovarian carcinoma cells.
To determine an association between CTSL and chemoresistance, the present study employed a pair of established paclitaxel-sensitive and -resistant cell lines to analyze the effect of paclitaxel on CTSL. First, it was demonstrated that CTSL was more highly expressed in SKOV3/TAX cells compared with SKOV3 cells. Furthermore, CTSL expression decreased after 48 and 72 h of paclitaxel treatment in SKOV-3 cells, but remained relatively constant at high levels in SKOV3/TAX cells upon paclitaxel treatment, suggesting that the expression of CTSL mediated the resistance to paclitaxel in ovarian cancer cells. Thus, elevated levels of CTSL appear to correlate with lower drug susceptibility.
Previous studies have addressed the role of CTSL in conferring resistance towards chemotherapeutics and, thus, mediating an anti-apoptotic effect. In addition, CTSL silencing may inhibit the induction of the intrinsic apoptotic pathway in cancer cells via reduced CTSL nuclear activity, involving indirect p53 regulation of caspase 3/7 expression (19) . CTSL was shown to be a critical molecule in paclitaxel resistance, however, the mechanism remained unclear. In the present study, SKOV-3 and SKOV3/TAX cells were transiently transfected with control and CTSL shRNA for 48 h, and cultured in the presence or absence of paclitaxel (100 nM) for 48 h. The results showed that paclitaxel induced significantly potentiated apoptosis in SKOV-3 cells transfected with either CTSL or control shRNA. Notably, it was identified that CTSL silencing significantly potentiated apoptosis induced by paclitaxel in SKOV3/TAX cells with CTSL knockdown compared with SKOV3/TAX transfected with control shRNA, suggesting that CTSL silencing may enhance paclitaxel-mediated cell apoptosis.
Kenig et al partially revealed the mechanism of this apoptotic induction, demonstrating that CTSL inhibition lowers the apoptotic threshold of glioblastoma cells by upregulating p53 and caspase 3/7 expression (20) .
The current findings demonstrate that CTSL knockdown can enhance the sensitivity of ovarian cancer cells to paclitaxel. Thus, CTSL should be explored as a candidate therapeutic target for modulating paclitaxel sensitivity in ovarian cancer.
